. 1996. Species identification using wideband backscatter with neural network and discriminant analysis. -ICES Journal of Marine Science,.
Introduction
Wideband frequency spectra have been used before to aid fish species identification, initially on single fish (Bjørnø and Kjaergaard, 1986; Zakharia, 1987; Lebourges, 1990) . These studies were on tethered fish or fish confined in tanks and the approaches have not been further developed. Measurements on caged aggregations (Simmonds and Armstrong, 1990) have also been reported. The work described here aims to develop the techniques for species recognition from caged aggregations in the open sea and apply it to more species; saithe, haddock, mackerel, horse mackerel, and two sizes of cod. Species recognition was achieved by examining relative backscattering levels in eight frequency bands from 27 to 54 kHz. Identification rates were tested using data from replicate measurements on these five species and two sizes of cod. Two recognition methods were tried and compared: neural network and discriminant analysis.
Measurement facilities
A raft for carrying out acoustic measurements was moored at the Marine Laboratory's field site at Loch Duich on the west coast of Scotland. Communications and power were provided by cabling from the shore. This allowed control and monitoring of the measurement rig. Details of the rig are given in Simmonds and Armstrong (1990) .
Wideband system A 1.2 kW transmitter provided an amplitude-modulated swept-frequency pulse of 1.0 ms duration with a flat frequency response from 27 to 54 kHz. This drove a partial sphere transducer, constructed from 217 elements arranged in eight concentric rings around a central element. The rings were driven from an autotransformer which provided the frequency-independent amplitude shading required for constant beam width on transmission at all frequencies. This shading technique is described in Rogers and Van Buren (1978) . The same shading function was applied on reception, taking into account the number of elements on each ring. The receiver was designed with eight separate bandpass channels, each with a 3 dB bandwidth of 3.3 kHz, equally spaced to cover the octave 27 to 54 kHz. The eight channels were individually envelope detected, multiplexed, and sampled at 12.5 kHz per channel (100 kHz total) by a Computer Automation mini-computer. The data were stored on DC600 150 Mbyte tape cartridges for analysis. A more detailed description of the echo-sounder and its performance is given in Simmonds and Copland (1986) .
Provision of live fish
Five species of fish were captured and maintained alive for measurements on fish aggregations. A number of different methods were used for capture, transportation, and maintenance of the fish. Small cod (Gadus morhua (L.)) were captured by trawl in the Firth of Clyde. Large cod were captured by hand-line near Aberdeen. Haddock (Melanogrammus aeglefinus (L.)) were captured by trawl in Loch Ewe and on the west of Scotland by hand-line. Saithe (Pollachius virens (L.)) were captured by hand-line near Aberdeen. These species were transported in oxygen-enriched ice-cooled water in plastic bags. At Loch Duich, they were held in 2 m 3 cages at a depth of 5 m. Mackerel (Scomber scombrus (L.)) were captured by hand-line with barbless hooks at the entrance to Loch Duich and transported by fish barge (Edwards and Armstrong, 1984) with a continuous pumped supply of sea water. The fish were then held in 6 m deep, 4 m diameter pens of nylon netting. Horse mackerel (Trachurus trachurus (L.)) were captured by a chartered commercial purse seine vessel to the east of Shetland. The fish were transported in the vessel's seawater tanks with a continuous supply of pumped sea water. At Loch Duich they were held in nylon netting pens. Generally, survival following capture and transportation was good for gadoids but poor for mackerel. Typically, between 10 and 50% of mackerel died within the first few days of capture and transportation. All species were held in captivity for one or more weeks following transportation to ensure that only healthy fish were used for the measurements.
Caged fish data collection A series of measurements was carried out on caged aggregations of the five species of fish and two sizes of cod. Live fish were taken carefully from the holding cages and pens using dip nets for the capture of gadoids and plastic buckets for the mackerel and horse mackerel.
For these two species it was particularly important to minimize damage from abrasion and to ensure that the fish were surrounded by sea water at all times. They were placed in a measurement cage 2 m in diameter by 1 m deep, at a depth of approximately 20 m. The cage was constructed from smooth fine mesh material with low acoustic reflectivity. This minimized acoustic interference and protected the fish from abrasion.
The fish were left in the measurement cage for 24 h or more to acclimatize to depth. From previous measurements of substantially longer duration (Simmonds and Armstrong, 1990) , the gadoid species were known to acclimatize in 24 h. Mackerel, having no swimbladder, required no acclimatization to depth and the fish were kept for 1 and 3 d, respectively, for the two measurements. Horse mackerel measurements were made over 6 d, as there was no prior information on their adaptation time. None of the fish were fed during the measurements. Details of timing and duration of the measurements are given in Table 1 . Measurements 5 and 12 were carried out on an empty cage to determine the background reverberation levels.
Acoustic backscattering levels were measured over at least a 24 h period for each group of fish for the duration of each measurement. The data were recorded following envelope detection in eight channels at 100 kHz sample rate. Echo data were collected from both the caged aggregations and a reference target (38.1 mm diameter tungsten carbide ball) positioned in the centre of the acoustic beam 10 m from the transducer. The reference target is an indicator of system performance, and the backscattered energy from this target was used to calibrate the acoustic system.
Following each measurement, the numbers of live and dead fish were recorded and the length and weight of each individual measured. The mean length and weight with standard deviations are given in Table 1 . For each species, measurements were made on fish with a mean length between 28 and 32 cm. In addition, measurements were carried out on larger cod of 52 cm mean length.
Mortality during measurements was kept to low levels by selecting fish in good condition and careful handling. Twelve fish, less than 3% of the total, died. Mortality was higher in the two mackerel measurements in which 10 fish died. Transportation and handling of live mackerel is particularly difficult and the observed mortality levels are typical for this species.
Data processing
The data from the 10 sets of measurements on fish aggregations were analysed to determine the short-term mean relative backscattering spectra over periods of 6 s, 30 s, and 5 min. To do this, echoes from both the reference target and from each caged aggregation of a single species of fish were averaged in groups of 20, 100, and 1000 transmissions, respectively. These data were processed to obtain the frequency spectra over eight contiguous constant bandwidth frequency bands in the octave from 27 to 54 kHz.
The target strength of the reference target was calculated over the frequency range 20-80 kHz and the mean echo integral and the mean calculated target strength used to evaluate the system performance in each period. The measured system performance was used to correct the data collected from the fish aggregations as follows:
where BS if is the backscattering coefficient in frequency band f from transmission group i; EF if is the mean fish echo energy in frequency band f from transmission group i; rf is the acoustic cross-section, averaged over frequency band f, of the reference target (38.1 mm tungsten carbide sphere); ER if is the mean reference target echo energy in frequency band f from transmission group i.
Mean spectra, independent of the absolute backscattering level S if , were obtained from these data using the following expression:
The overall mean S if frequency spectra using all of the data from each of the 10 measurements are shown in Figure 1 . It should be noted that, in this Figure, the vertical dB scale for mackerel is three times that of the other species. From these spectra it is evident that the differences between species are greater than the differences within species and that gadoids as a group are more like each other than they are to mackerel and horse mackerel.
These eight component spectra, which are normalized by the overall intensity and independent of fish density used, were examined in further analysis to investigate species identification rates. The three different levels of data aggregation from 20, 100, and 1000 transmissions were classed as S 20 , S 100 , and S 1000 , respectively.
Species discrimination
The five similar-sized species groups and the larger cod were selected as six identification categories. Two hundred data observations were extracted at random, without replacement from the set of S 1000 spectra for each of the six categories, giving a total of 1200 learning samples. Where two measurements were available (for small cod, large cod, mackerel, and horse mackerel), 100 observations were taken from each measurement. These were used first to define discriminant functions and second to train an analogue neural network. The discriminant analysis (Lachenbruch, 1975) was carried out using SPSS software. The neural network (McClelland et al., 1987) software used was NEUROSHELL by Ward System Inc. Results were checked for sensitivity to the particular choice of training samples by choosing an alternative set of 1200.
Discriminant analysis
The distributions of S 20 , S 100 , and S 1000 eight frequency components were checked for departure from normality.
At the 90% confidence level, all variables in all the data sets were not significantly not normal. At the 95% confidence level, all S 1000 data were not significantly not normal. All but one of the S 100 data sets were not significantly not normal at the 95% level. Only half of the S 20 data sets were not significantly not normal. These data, which in theory should be the mean of 20 samples from an exponential distribution, were quite reasonably positively skewed. The results should be treated with some caution, as the requirement for normality was not fully met, and the discriminant function may not have been optimal. The randomly selected 1200 S 1000 values were used to define five discriminant functions and six possible outcomes. The remaining data were tested to give discriminant scores.
Neural net
An analogue network with one hidden layer was used.
Using eight frequency components and six species/size categories, the numbers of input and output nodes on the neural network are defined as eight and six respectively. A single hidden layer of three types was tested, with six, seven, or eight nodes. The results were found to be similar for each level but slightly improved recognition for the eight-node hidden layer. The structure of eight input, eight hidden, and six output layers was selected for the full study. Supervised back propagation network training was carried out using repetitive random presentation of the 1200 randomly selected test samples. Remaining observations from the full data set were then tested for recognition rates for the three levels of data aggregation: S 20 , S 100 , and S 1000 . Recognition was assigned to the highest scoring output node. These recognized data were compared with the known species/ size category. To examine the differences between measurements on different fish of the same species, the data to train the network were selected from only one measurement. Data from replicate measurements were then tested for recognition using the S 1000 aggregation level.
Results
The recognition rates (%) from the aggregated samples S 1000 , S 100 , and S 20 are shown in Tables 2 and 3 for the discriminant analysis and neural network, respectively. In most cases the neural network was more successful at recognizing categories than the discriminant function. With S 1000 samples, the recognition rates for all categories, except the large cod, were above 95%. The results from a second training set, not given here, were indistinguishable from the first. Correlation between frequencies and echoes from individual samples was not significantly different from 0, due to the stochastic nature of echoes from aggregations of fish. There is increased variability in the recognition results as the number of aggregated samples is reduced. Results from smaller numbers of aggregated samples are not given; however, recognition from <5 samples was not possible. The difference between the recognition rates for large cod and other fish may be due to the measurement conditions. In these measurements, large cod were slow moving, whereas small fish swam faster and therefore presented the full range of orientation and backscattering levels more quickly. The large cod measurements were conducted with fewer individuals than the small fish measurements (Table 1) . For small fish, the increased number of fish coupled with greater rates of change of orientation gave more independent spectra more rapidly than for the large cod, thus producing more stable average spectra.
The successful recognition rate diminishes rapidly with reduced levels of sample aggregation (S 1000 to S 100 to S 20 ) for horse mackerel, small cod, saithe, and haddock. The mackerel and large cod recognition frequencies decline more slowly. This may be a reflection either of true recognition capability, or of the training of the neural network, or development of the discriminant functions. Successful recognition is shown for the three levels of sample aggregation in bold type in Tables 2 and  3 . The relatively successful recognition of mackerel at all levels is probably due to the real anatomical differences between this species, which has no swimbladder, and the other species which have swimbladders. The explanation for the stability of successful recognition of large cod may be different, since the network was trained on values from S 1000 level of sample aggregation and at this level the large cod have a wider spread of values than the other categories. In training the neural network, a greater range of input values was assigned as large cod. For the sample aggregation at S 1000 , there is very little incorrect assignment except for the large cod, which are confused mostly with small cod but also with horse mackerel. The S 100 and S 20 data have a greater spread for all measurements but the increase in spread is less for the large cod. Large cod is the species/size category most often incorrectly assigned for the lower levels of sample aggregation (Table 3) . If the variability in the test data were to be increased, for example by reducing the numbers of aggregated samples to the S 100 and then the S 20 levels, then the category allocated the greatest range of inputs has an increased probability of being selected by the neural network. Thus, other species become most often mis-assigned as large cod. The stability in successful recognition of large cod may therefore be a result of the initial variability in the S 1000 data. This variability may be due to the experimental design and may not therefore reflect the true recognition rates.
In a separate analysis, the neural network was trained using data from one measurement per species/size category and then tested using data from replicate measurements for the four species/size categories where these were available; the results are given in Table 4 . The neural network performed better when trained on data from all the measurements rather than on one measurement. Training with data from one measurement and testing with replicates still provided recognition of between 40% and 80% at the S 1000 level of sample aggregation. This result indicates that the replicate experiments had some systematic differences in frequency spectra probably due to the spectral response of the particular set of fish. Examination of the backscattering data shows quite stable spectra over time but some differences between replicate experiments.
Conclusions
Neural network training and discriminant analysis techniques were used to test for successful recognition frequencies. The recognition rates from this analysis were encouraging. However, the neural network performed much better when trained on data from all the measurements rather than when trained with data from one measurement per species/size category and tested with data from a replicate measurement. This suggests that for the development of species identification techniques a larger number of different aggregations should be included in the measurements. It is not sufficient to obtain a large number of acoustic observations from a small number of aggregations. Large cod were more likely to be identified as other species which may be due to the experimental design and the fish behaviour, resulting in a smaller number of independent observations. The increases of recognition rates with increasing averaging of samples is an important result. The lower recognition rates from lower levels of sample aggregation of the data are caused by the intrinsic variability of echoes from an insonified volume containing moving multiple targets.
The results are very encouraging. They demonstrate that wideband spectral data can be used for species identification. They also highlight the need to carry out more observations, particularly at sea on free-swimming schools. In this way it may be possible to obtain a larger number of observations on different aggregations than may be practical in cages. 
